Hepatic oval cells have shown the potential to transdifferentiate into insulin-producing cells when cultured with high glucose concentrations. However, it remains unknown whether the oval cells can contribute to insulin production in diabetic mice. In this study, our aim was to investigate the response of activated hepatic oval cells to hyperglycemic conditions. C57BL/6 mice were fed a diet containing 0.1% 3,5-diethoxycarbonyl-1,4-dihydrocollidine (DDC) for 4 weeks to activate the hepatic oval cell population before inducing hyperglycemia with streptozotocin (STZ). Despite the initial hyperglycemia (341715 mg/dl), the blood glucose levels of DDC-STZ-treated mice were significantly improved within 6 weeks (185712 mg/dl). During the initial hyperglycemic stage, DDC-STZ-treated livers expressed pancreatic developmental, endocrine and exocrine genes. Hepatic insulin production was confirmed by immunohistochemistry and ELISA. These results suggested that transdifferentiated hepatic oval cell population contributed to the amelioration of hyperglycemia. We additionally determined that DDC-STZ-treated pancreata played a critical role in complete reversal of hyperglycemia as evidenced by extensive b-cell regeneration and increase of pancreatic insulin content after STZ treatment, which is rarely observed in other adult STZ models. Reversal of hyperglycemia in this model seems to be accomplished by biphasic insulin augmentation, first by hepatic transdifferentiation, and followed by endogenous b-cell regeneration in the pancreas. The DDC-STZ treatment provides a novel injury model for better understanding of the functional behavior of hepatic and pancreatic stem/progenitor cell population under hyperglycemic condition, which may yield critical information for developing b-cell-based therapies to treat diabetes. The pancreatic endocrine compartment is composed of the islets of Langerhans, which are clusters of four cell types that synthesize insulin (b-cells), glucagon (a-cells), somatostatin (d-cells) and pancreatic polypeptide (pp-cells). In mature rodent pancreatic islets, b-cells are located in the core, whereas a-, d-and pp-cells are in the rim. The pancreatic bcell possesses the ability to respond to minor increases in the plasma glucose levels, thereby keeping the blood glucose level within a very narrow range.
The pancreatic endocrine compartment is composed of the islets of Langerhans, which are clusters of four cell types that synthesize insulin (b-cells), glucagon (a-cells), somatostatin (d-cells) and pancreatic polypeptide (pp-cells). In mature rodent pancreatic islets, b-cells are located in the core, whereas a-, d-and pp-cells are in the rim. The pancreatic bcell possesses the ability to respond to minor increases in the plasma glucose levels, thereby keeping the blood glucose level within a very narrow range. 1 Progressive destruction of pancreatic b-cell leading to decreased insulin production and subsequent hyperglycemia is observed in all forms of diabetes mellitus. Therefore, the number of functional b-cells in the pancreas is of decisive importance in the development and progress of the disease. To date, the most effective long-term treatment of diabetes is islet transplantation, a procedure known as the Edmonton protocol. 2 However, there is currently a severe shortage of pancreas donors, creating a need for new strategies to generate pancreatic b-cells either in vitro or in vivo. Pancreatic stem/progenitor cells should be considered as the primary sources to generate insulin-producing cells. However, to date, no adult pancreatic stem cells have been fully characterized, even though several candidate cell populations have been identified including pancreatic ductderived stem cells 3, 4 and nestin-positive islet-derived progenitor cells, 5 which may play important roles in pancreas regeneration.
Animals treated with diabetogenic b-cell toxins (eg streptozotocin (STZ), alloxan) show very limited ability to regenerate b-cells and eventually fail to restore normal glucose level due to the low mitotic activity of pancreatic islet and toxic effect of high glucose to the remaining b-cell. 6, 7 Although insulin is primarily produced in the pancreatic islets, a previous study has revealed the existence of extrapancreatic insulin-producing cells in multiple organs such as liver, spleen, bone marrow and adipose in hyperglycemic conditions. 8 However, the newly emerged insulin-producing cells in the pancreas and other organs are not sufficient in number as well as in insulin production ability to reverse the diabetic condition. 9 Although hyperglycemia is detrimental to islet bcells, high glucose is a very efficient signal in vitro for differentiation of stem cells into insulin-producing cells. 10, 11 We hypothesized that if enough stem cells were activated before the diabetic induction, hyperglycemia could be ameliorated by these transdifferentiating stem cells. Toward this goal, we focused on the liver for stem cell activation because, unlike the pancreas, there are several ways to increase hepatic oval cell population, which is thought to be the primary multipotent stem cell population in the liver. 12, 13 Furthermore, hepatic oval cells are thought to have the potential to transdifferentiate into pancreatic endocrine cells, as both the liver and the pancreas originate from appendages of the upper primitive foregut endoderm.
14 It has been suggested that the late separation of the liver and the pancreas during organogenesis in primitive ventral endoderm might have left both tissues with pluripotent cells that are capable of giving rise to both hepatic and pancreatic lineage. 15, 16 Indeed, Yang et al 10 have shown in an in vitro experiment that hepatic oval cells, when cultured in high glucose media, can differentiate into pancreatic endocrine cells which support this hypothesis.
In this study, we determined the transdifferentiation ability of hepatic oval cells under hyperglycemic conditions by incorporating 3,5-diethoxycarbonyl-1,4-dihydrocollidine (DDC) in a standard chow, which has been proved to be an effective inducer for mouse oval cell proliferation, 13 followed by STZ injection for hyperglycemia induction. Here, we demonstrated that the oval cell-activated livers contain insulinproducing cells, which contributed to the amelioration of hyperglycemia. In addition, DDC-treated pancreas possessed hepatocyte like cells and pancreatic precursor cells in the main and common ducts, which showed a distinctive ability to repopulate b-cells after STZ treatment. Our results suggest that DDC-STZ treatment can trigger the extensive pancreatic b-cell regeneration to reverse the STZ-induced hyperglycemia. This novel in vivo model can provide a reproducible experimental system to investigate adult b-cell differentiation and islet regeneration.
MATERIALS AND METHODS Animals
Male C57BL/6 mice were kept in a humidity -and temperature-controlled chamber under a 12-h light/dark cycle. Mice were fed on a standard diet and water ad libitum before the experiment. All animals were cared in compliance with the institutional guidelines.
3,5-Diethoxycarbonyl-1,4-Dihydrocollidine and Streptozotocin Treatment At 5 weeks of age, a diet containing 0.1% DDC (Bioserve, Frenchtown, NJ, USA) was fed to mice for 4 weeks. A standard diet was given to control group. At 2 days after shifting to the standard diet, hyperglycemia was induced by a single intraperitoneal injection of STZ (Sigma, St Louis, MO, USA) at a dose of 150 mg/kg after overnight fasting for both DDCtreated and normal mice. Blood was drawn from tail vein and non-fasting blood glucose levels were determined with a blood glucose meter (Lifescan Inc., Milpitas, CA, USA) at a consistent time of the day. The STZ-induced diabetic mice, which had non-fasting glucose levels of 4250 mg/dl for 14 consecutive days, were selected for further experiments.
RNA Isolation and RT-PCR Analysis DDC-treated mice were killed at 5, 15, 30, 60, 120 days post-STZ injection and the livers were removed for further analysis. Total RNA was extracted as described previously. 17 Oligonucleotide sequences and PCR conditions are listed in an online Supplementary table. The PCR products were analyzed on a 1.8% agarose gel containing ethidium bromide. Key PCR products of genes related to pancreatic development were confirmed by sequence analysis and a separate PCR reaction without reverse transcriptase was carried out to ensure the results were not from genomic DNA contamination.
Immunohistochemistry
Organs were removed and fixed in 10% buffered formalin. For detection of pancreatic antigens, guinea pig anti-insulin, rabbit anti-glucagon, rabbit anti-somatostatin (Dako) and guinea pig anti-proinsulin (Progen, Heidelberg, Germany) were used as recommended by the manufacturers. The sections were further incubated for 1 h with fluorescent secondary antibodies (Jackson Immunoresearch) diluted in PBS at room temperature. Peroxidase-or phosphatase-linked polymers conjugated to goat anti-rabbit immunoglobulins (Envision plus kit or Envision doublestain kit; Dako) were used to visualize the pancreatic endocrine hormones according to the manufacturer's specification. Slides were counterstained by hematoxylin or nuclear fast red (Dako).
Morphometric Analysis and Statistics
To locate b-cells in the tissue, each pancreas was sectioned throughout the length to avoid regional variation. All slides were randomized and relabeled before analysis. The relative b-cell volume was determined in sections immunostained for insulin by the random point sampling method described by Guz et al 9 with modifications. Briefly, the density of insulinpositive area was calculated from 10 systematically selected fields for each slide under light microscopy. Each field (0.16 mm 2 ) was transferred to digital image by charge-coupled device camera, divided into 720 point grid and the relative volume of b-cells per tissue was estimated according to the formula: F ¼ h/n in which h was the number of 'hits' over b-cells and n the number of points over the pancreatic tissue. Measurement of the area covered 416 mm 2 from at least three individual animals per each time period. The mean cross-sectional diameter (mm) of individual insulin-positive cluster in pancreas was measured in fixed interval sections from at least three animals per each time period as described previously. 18 More than 200 single insulin-positive cells were counted for Figure 4a and categorized as ductal and parenchymal single cells in the same slides. For the measurement of insulin-glucagon-and insulin-somatostatin-positive cells in the pancreas, sections were doublestained with fluorescein isothiocyanate (FITC) and rhodamine as described above, counterstained with 4,6-diamidino-2-phenylindole, and each antigen-positive cells in 450 islets per each time period were counted. Cells that coexpressed insulin and somatostatin in hyperglycemic stage were considered extraneous to each other.
For statistical analysis, SPSS (Release 10.0.7, SPSS Inc., Chicago, IL, USA) and SigmaPlot (Version 8.0, SPSS Inc.) were used. Differences among groups were determined with one-way analysis of variance or pairwise comparisons when appropriate. Post hoc analysis for differences between specific groups was performed with Tukey's Studentized range test. Differences were considered significant at Po0.05.
Enzyme-Linked Immunosorbent Assay of Insulin
The insulin content of whole-wet livers and pancreata were measured by ELISA. Liquid nitrogen snap-frozen tissues of each age were immediately homogenized in 0.18 N HCl, 35% ethanol. The homogenates were extracted overnight at 41C with continuous stirring and then centrifuged. Supernatants were neutralized by 0.18 N NaOH, supplemented by protease inhibitor cocktail (Sigma), and stored at À701C until assayed. Hepatic and pancreatic immunoreactive insulin were determined using mouse ELISA kit (Shibayagi, Gunma, Japan) according to the manufacturer's protocol.
Intraperitoneal Glucose-Tolerance Test
To examine effective insulin secretion in response to high glucose challenge in DDC-STZ-treated mice, glucose-tolerance tests were carried out at 5, 15, 30, 45, 60 days post-STZ injection. All animals were fasted for 14 h and received an intraperitoneal glucose load of 1.5 g/kg body weight diluted in PBS. Blood glucose levels were measured at 0, 30, 60, 120, 180, 240 min after the glucose injection by a blood glucose meter.
RESULTS

Histology of DDC-Treated Livers and Pancreata
In DDC-treated livers, we observed the abnormal increase of non-parenchymal cells, primitive ductular structures with poorly defined lumen and heme breakdown debris ( Figure 1a and b), which are characteristics of the DDC model. 13, 19 Heme breakdown debris and abrupt ductal cell proliferation were observed with less frequency in DDC-treated pancreata (Figure 1d and e) . Previous studies have suggested that the murine pancreas contained pancreatic oval cells and hepatocyte under certain stimuli. 20, 21 Histological observation revealed basal precursor cells and hepatocyte-like cells in DDC-treated pancreata, which were primarily localized to the main and common ducts as suggested by Bonner-Weir et al 22 Whether these basal cells observed in pancreatic ducts are equivalent to the oval cells in the liver remains to be determined, but under hyperglycemic condition, they expressed insulin and somatostatin (Figure 1f ).
Blood Glucose Levels of DDC-STZ-Treated Mice
Both DDC-STZ-treated and STZ-treated groups showed frank hyperglycemia within 48 h (blood glucose level 4250 mg/dl). For most of the DDC-STZ-treated mice, the hyperglycemia was observed for more than 14 days ( Figure  1g ; average blood glucose level of the first 2 weeks, 32178 mg/dl). DDC-STZ group showed reversal of hyperglycemia starting at 15 days post-STZ injection and the average blood glucose level of 40 days post-STZ injection (185712 mg/dl) was not significantly different from normal blood glucose level (P ¼ 0.7, 163712 mg/dl). We confirmed that reversal of hyperglycemia did not occur in mice fed with DDC diet for 1-7 days, which indicates that DDC itself is not an inhibitor of STZ effects (data not shown).
Two additional experiments were carried out to exclude the potentially confounding effects of STZ on DDC-treated mice. First, we confirmed that reversal of hyperglycemia did not occur in mice fed with the DDC diet for 1-7 days, which indicates that DDC itself is not an inhibitor of STZ effects and that sufficient hepatic oval cell activation is necessary for the reversal of hyperglycemia. Next, we administrated STZ first (150 mg/kg), confirmed the hyperglycemia (blood glucose level 4250 mg/dl) and the mice were put on DDC diet for 4 weeks (n ¼ 15). However, 66.7% of mice died within 2 weeks of DDC treatment and only 13.3% maintained normoglycemia (141712 mg/dl), when the diet was shifted to normal. Histological analysis showed that hepatic oval cells were not efficiently activated in the hyperglycemic mice (data not shown).
Pancreatic Genes Activation and Insulin Production in Oval Cell-Activated Livers Next, we examined the expression of pancreatic transcripts associated with pancreas organogenesis in the livers of DDC-STZ mice by RT-PCR. We observed that pancreas endocrine hormones, major pancreatic development factors and pancreatic exocrine enzymes were transcribed in the liver (Figure 2a ). Most pancreatic genes were expressed by 5 days and continued to be expressed up to 15 days post-STZ injection, which indicate that hepatic transdifferentiation starts very early during the hyperglycemic stage. The hyperglycemia seemed to play a critical role in the development of insulinproducing cells in the DDC-STZ liver as some transcripts .005 vs DDC-STZ at 50 days). STZ-treated mice died within 51 days. *Indicates one or more samples have blood glucose levels higher than glucometer detection limit (4500 mg/dl). Each bar represents the mean7s.e.
Oval cell activation reverses hyperglycemia S Kim et al debris, which coincides with the areas of hepatic oval cell activation (Figure 2b-d) . However, our random point calculation for insulin positive area in DDC-STZ-treated livers indicated that insulin-positive cells represented less than 1% of total cells in the animals that had restored blood glucose level (data not shown).
Changes of Pancreas Endocrine Cell Population in DDC-STZ-Treated Mice
On the basis of our observations in the liver, we inferred that regeneration of the pancreas would be required to explain the decrease of blood glucose level in DDC-STZ-treated mice.
To assess this, we next performed immunohistochemistry of DDC-STZ-treated pancreata at various time points. The DDC-STZ-treated pancreas was characterized by the presence of single insulin-positive cells and the increase of smaller islets. Many of these insulin-positive cells were located near ducts (Figure 3a-f) . By contrast, insulin-positive ductal cells were rarely found in normal and STZ-treated pancreas (Figure 4a ). The islet size analysis confirmed the distinct increase of neoislet population (o50 mm in diameter) during the restoration of normal blood glucose level (Figure 4c ), which is also observed in other pancreas regeneration models. 23 
Regenerated Pancreas and Aberrant Islet Morphology
In a previous study, Fernandes et al 24 proposed that newly formed primitive b-cells coexpress somatostatin and insulin. To determine whether expanded b-cells in our model are the consequence of b-cell regeneration, we performed double immunofluorescence microscopy using anti-insulin and antisomatostatin antibodies. We could detect insulin-somatostatin double-positive cells in pancreas at 14 days post-STZ injection (Figure 5a-c) . However, few insulin-positive cells coexpressed somatostatin at 42 days post-STZ injection (Figure 5d-f) . The insulin-somatostatin-positive cells were also observed in residual islet cells (Figure 5g-i) . Double immunostaining for insulin-glucagon or insulin-somatostatin indicated that the endocrine cells of early stage in regeneration displayed more scattered and disorganized patterns ( Figure 6 ). The islets of the restored blood glucose level in DDC-STZ-treated pancreas did not possess the morphology of normal mature islets.
Proportion of Hepatic and Pancreatic Insulin in DDC-STZ-Treated Mice
To determine the contribution of hepatic and pancreatic insulin, we analyzed the content of immunoreactive insulin in each organ (Table 1) . Livers from mice at 14 days after STZ injection contained approximately 10 times more immunoreactive insulin per gram tissue than livers from normal mice did. In addition to the gram-per-tissue insulin content comparison, total insulin contents in both organs were calculated as the liver is a much larger organ than the pancreas. Even though insulin production per gram tissue was low in the liver, the total hepatic insulin was 43% compared to the pancreatic insulin at 14 days post-STZ injection, which overlaps with the expression of major Figure 2 ). Whereas pancreatic insulin content was significantly decreased after the initial STZ injection, the level of insulin was recovered to 33% of the normal control group by 63 days post-STZ injection, which is in accordance with Figure 4 . Glucose-tolerance tests supported the ELISA data as fasting glycemia and glucose-tolerance were mildly impaired in DDC-STZ-treated mice and improved by time. The DDC-STZ-treated mice had significantly lower fasting glucose level and showed better glucose tolerance compared to STZ-treated mice during the initial hyperglycemia stage (Figure 7a ). The glucose-tolerance ability of DDC-STZ mice was gradually enhanced throughout the follow-up period (Figure 7b ).
DISCUSSION
The possibility of hepatic insulin-producing cells in diabetic mice was previously predicted, but they did not contribute to the amelioration of hyperglycemia. 8 In this study, we have demonstrated that the oval-cell-activated livers transcribed major pancreatic mRNAs and readily produced significant amount of insulin during the hyperglycemic stage. It has been reported that amelioration of hyperglycemia such as insulin supplementation after STZ injection could accelerate the regeneration of b-cells. 9, 22 In DDC-STZ-treated mice, we observed 10-fold increase of the hepatic insulin content per gram tissue, which is 43% of total pancreatic insulin at 14 days after STZ treatment ( Table 1 ). Considering that the blood glucose level was highest and the pancreata damaged by STZ had the lowest insulin contents at that time, the hepatic cells are thought to prevent excessive hyperglycemia, which would irreversibly damage the islet b-cells. 25 Interestingly, hyperglycemia appears to be a critical environmental cue for hepatic oval cell transdifferentiation, 10 as most pancreatic developmental and hormone genes were turned on at the peak of blood glucose level and insulin-positive cells were most frequently observed during the hyperglycemic phase (Figure 2 ). Hepatic insulin production was decreased after the reversal of hyperglycemia (Table 1) . It is not certain whether the lineage restriction process after liver regeneration or turnaround of blood glucose level triggered it, but many transdifferentiated cells lose their ability to produce insulin in different culture condition in vitro. 3, 11, 26 Transiently expressed genes such as Pax4, Pax6, Nkx 2.2 and Nkx 6.1 support the idea that hepatic cells actively transdifferentiate only during the hyperglycemic stage (Figure 2) .
It is interesting that extensive pancreatic b-cell regeneration was observed after the peak of hepatic insulin production in DDC-STZ-treated mice ( Figures 3 and 4 and Table 1 ). Our findings indicate that pancreas regeneration is the primary mechanism to explain the reversal of hyperglycemia. There are three known pathways for b-cell regeneration: islet b-cell replication, ductal precursor differentiation and transdifferentiation from non-b-cells in islets. It is known Oval cell activation reverses hyperglycemia S Kim et al that the neogenesis of islets from pancreatic duct epithelial cells occurs during normal embryonic development and in very early postnatal life. 27 During the rest of adult life, endocrine cells can rarely be observed in mouse pancreatic ducts. 6, 28 Even though it is still controversial whether pancreas regeneration starts from the pancreatic duct epithelial cells or inner islet cells, 29 various models using pancreatectomy, 30, 31 cellophane wrapping, 32 duct ligation 33 and IFNg transgenic mice 28 have shown that ductal insulin-positive cells reappear which is considered to be a recapitulation of the embryonic events. In our model, up to 26% of total single insulin-positive cells were located in the ductal cell population, whereas less than 2% of single insulin-positive cells were observed in the normal pancreatic ducts (Figure 4) . In addition, adjacent to the duct was the location of most of the regenerated islets, which suggests that islet neogenesis and regeneration originated from the precursor cells in pancreatic ducts (Figures 1 and 3) .
It is of particular interest that the DDC-STZ-treated pancreas has a remarkable regenerative capacity. The recovery Oval cell activation reverses hyperglycemia S Kim et al of adult pancreatic islet cells after STZ treatment is very limited even when normoglycemia is achieved by islet transplantation or insulin administration. 22 The DDC-STZ treatment provides a useful model to investigate the longterm replenishment process of depleted b-cells in damaged adult pancreas. The other benefit of this model is that it does not require any surgery 30, 32, 33 or transgenic mice, 28 to observe extensive pancreatic b-cell regeneration in vivo. However, there is an arguable finding that DDC-treated mice suffer from mild hypoglycemia. It is reported that Mallory bodies, which are morphologic hallmarks of alcoholic steatohepatitis, are also induced by intoxication with DDC. 13, 34 Such metabolic injury may explain the hypoglycemia, as chronic liver diseases normally alter several glucose metabolisms. 35 It should also be considered that several inducers of Mallory bodies including DDC are also inducers of free radicals. Decrease of pancreatic insulin content in DDCtreated pancreas suggests that DDC is rather an oxidative stress initiator than a potential insulinotropic agent, which makes this model distinct from GLP-1/Exendin-4 model. 36 Hepatic insulin production by pancreatic gene transfection is one of the major approaches to the future treatment of Immunoreactive insulin content in the extract of each organ was quantified along different time periods (n ¼ 5 for DDC-STZ at 14 days and n ¼ 3 for other samples). Insulin levels were measured and normalized to the wet weight of the homogenized tissue. Despite the rapid decline of pancreatic insulin content at 14 days post-STZ injection, hepatic insulin was significantly increased up to 10 times (*Po0.05 vs normal liver). The insulin content of pancreas was significantly reduced by STZ damage, but gradually recovered up to 33% compared to the normal pancreas (**Po0.01 vs DDC-STZ at 14 days). Each represents the mean7s.e. a The ratio of hepatic to pancreatic insulin contents was calculated from the total insulin in each organ by multiplying the total weight by the insulin content per gram tissue.
Oval cell activation reverses hyperglycemia S Kim et al diabetic patients. 15 Our results suggest that such a goal can also be achieved by hepatic oval cell activation combined with hyperglycemia. We also have demonstrated that the reversal of hyperglycemia in our model is achieved by two steps: (1) active hepatic transdifferentiation during hyperglycemic stage, which initiates the recovery process; (2) extensive pancreatic b-cell regeneration stimulated by DDC treatment, which sustains the recovery process and maintain homeostatic blood glucose level. Further studies are needed to elucidate such sequential cooperative reestablishment of normoglycemia, which may result from the combined stem and progenitor cell activity in both organs. Lastly, the DDC-STZ-treated pancreas, which has a remarkable ability to replenish damaged islets, provides a new model for understanding b-cell differentiation and pancreatic islet regeneration in vivo.
Supplementary Information accompanies the paper on the Laboratory Investigation website (http://www.laboratoryinvestigation.org) Figure 7 Intraperitoneal glucose-tolerance tests for DDC-STZ-treated mice. Glucose tolerance between DDC-STZ and STZ groups showed that The DDC-STZ-treated mice had significantly lower fasting glucose level with better glucose tolerance compared to STZ-treated mice (a). Glucose tolerance of DDC-STZ-treated mice was gradually improved (b). Same animals for DDC-STZ (n ¼ 3), STZ (n ¼ 3) and normal (n ¼ 5) groups were measured throughout the experiment to follow the improvement of glucose responses. *Indicates one or more samples have blood glucose levels higher than glucometer detection limit (4500 mg/dl). Each bar represents the mean7s.e.
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